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INTRODUCTION 
Agriculture has been plagued by pests since the dawn of time. Pesticides 
control pests-insects, fungi, and weeds-until the pests begin to resist 
the pesticides. As resistance develops, more pesticide is needed to 
control the pest until that particular pesticide fails. Integrated pest 
management (IPM) was designed to prevent insects from developing 
resistance to insecticides, and resistance management remains a 
cornerstone of many IPM programs today. A critical component of IPM 
is the monitoring of increases in a pest's tolerance to a particular 
pesticide. Such monitoring, however, is rarely conducted in a proactive 
manner. 
Insect resistance management (IRM) describes the practices aimed at 
reducing the potential for insect pests to become resistant to a pesticide. 
IRM is important for transgenic crops expressing Bacillus thuringiensis 
(Bt) insecticidal proteins (commonly called Bt crops) because insect 
resistance poses a threat to the future use of microbial Bt formulations in 
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primarilv organic farming and Bt technology as a whole. Academic and 
government scientists, public interest groups, and organic and other 
farmers have expressed concern that the widespread planting of these 
genetically-modified plants will hasten insect resistance to Bt endotoxins. 
Under the Federal Insecticide, Fungicide, and Rodenticide Act 
(FIFRA), the United States Environmental Protection Agency (EPA) 
ensures there will be no unreasonable and adverse effects from the use 
of a pesticide when all the economic factors are fully considered. With Bt 
technology, EPA has stated that it is working to prevent what would 
happen if Bt could no longer control insect pests and more toxic 
insecticides had to be used in its place. In 2000 EPA imposed new IRM 
requirements on registered Bt crops in order to combat insect resistance 
to Bt endotoxins. Sound IRM will prolong the life of Bt insecticides, and 
adherence to IRM plans benefits growers, producers, researchers, and 
consumers. EPA's strategy to address insect resistance to Bt is twofold: (i) 
they mitigate any significant potential for pest resistance by instituting 
IRM plans; and (ii) Bt toxins better understand how pest resistance 
happens and how it can best be stopped. 
The development of scientifically sound and sustainable IRM 
strategies for Bt field corn has required a number of stakeholders 
(growers, seed suppliers, sdentists, and regulators) to be engaged in the 
process. The EPA has held multiple fora that have focused on insect 
resistance management for Bt Crops: three Federal Insecticide Fungicide 
and Rodenticide Act Scientific Advisory Panel Meetings (1995, 1998, 
2000), six public workshops (1999, 2001), two public hearings (1997), two 
Office of Pesticide Program Dialogue Committee Meetings (1996, 1999), 
and one technical briefing (2001). In addition, a regional research 
committee that has been in existence since 1954 has provided a forum for 
these stakeholders. Currently, the NC205 committee formally addresses 
research on the ecology and management of the European com borer and 
other stalk-boring Lepidoptera. It includes scientists from 20 US states, 
Mexico, and Canada and is supported by land grant universities, and the 
United States Department of Agriculture, Cooperative State Research, 
Education, and Extension Service (USDA-CSREES) and Agricultural 
Research Service (USDA-ARS). NC205 has sponsored annual resistance 
management meetings with industry, academics, and the EPA and 
several symposia and conferences in order to discuss IRM issues. The 
meetings have provided opportunities for sharing information, 
establishing research priorities, ·and building trust among the 
participants. The overall goal of all of these stakeholders' fora has been 
to identify the most viable science-based practical resistance 
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management strategies. Members of the NC205 committee emphasize the 
iropOfbUlce of 'practical' IRM, because they recognize that the ultimate 
stewards of the Bt technology are the growers. So, whenever possible and 
without compromising the scientific integrity of resistance management, 
grower realities are considered. Members of the National Corn Growers 
Association (NCGA) and the industry group Agricultural Biotechnology 
Stewardship Technical Committee (ABSTC), currently representing Dow 
Agr<>Sciences, Monsanto, Pioneer and Syngenta who have been regular 
participants in the meetings, have welcomed this approach. Grower 
participation .in IRM meetings ha~ ~ p~rticularly valuable because 
their interest m Bt com (Zea mays) is high (Fig. 8.1; USEPA, 2001, p. I 23) 









Fig. 8.1 Percentage of total com acreage planted to Bt com hybrids in countries in which 
greater than 50,000 total acres of com was planted. (Source: Bt com industry 1999 sales 
dat.a) 
Resistance management for Bt crops has focused on the use of the 
high-dose/structured refuge strategy to mitigate insect resistance to 
specific Bt endotoxins. Scientists believe that a high dose and the planting 
of a refuge (a portion of the total acreage using non-Bt plants) delays the 
development of insect resistance to Bt crops by maintaining insect 
susceptibility. 
This chapter considers IRM for field com with an emphasis on: (i) 
appropriate dose expression and refuge; (ii) resistance monitoring; (iii) 
remedial action plan; and (iv) grower participation. This IRM approach 
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assumes that the pest biology and ecology are well known and that the 
Bt crops are used in a way that complements an overall IPM plan. 
HIGH DOSE AND STRUCTURED REFUGE STRATEGY 
Several resistance management strategies that minimize selection 
pressures for resistant insects when feeding on Bt crops have been 
proposed. The strategy that has received the most attention, however, 
involves two components: high dosage and refuge (Roush, 1997a,b; 
Gould, 1998a,b). The high-dose/refuge strategy assumes that resistance 
to Bt plants is recessive and is conferred by a single locus with two 
alleles, resulting in three insect genotypes: susceptible homozygotes (SS); 
heterozygotes (RS); and resistant homozygotes (RR) (Roush, 1994; Gould, 
1998b; USEPA, 1998; Bourguet et al., 2000). It also assumes that there will 
be a low initial frequency of resistance alleles and that there will be 
random mating between resistant and susceptible adults. Under ideal 
circumstances, only rare RR individuals will survive a high dose 
produced by the Bt crop, and both SS and RS individuals will be 
susceptible to the Bt toxin. Susceptible insects SS from refuge will mate 
with rare resistant RR insects surviving the Bt crop so as to produce 
susceptible RS heterozygotes that will be killed by the Bt crop. This 
strategy should dilute resistant (R) alleles from the insect populations 
and delay the evolution of resistance. 
High Dose 
An EPA Science Advisory Panel (SAP, 1998) noted that a Bt plant-
incorporated protectant could be considered to provide a high dose if 
verified by at least two of the following five approaches: 
• Serial dilutions bioassay with artificial diet containing lyophilized 
tissues of Bt plants with tissues from non-Bt plants as controls. 
• Bioassays using plant lines with expression levels approximately 
25-fold lower than the commercial cultivar determined by 
quantitative enzyme linked immunosorbent assay (ELISA) or some 
more reliable technique. 
• Survey large numbers of commercial plants in the. field to make 
sure that the cultivar is at the lethal dose (LD)99.9 or higher to ensure 
that 95% of heterozygotes would be killed (Andow and Hutchison, 
1998). 
• Similar to approach 3 but would use controlled infestation with a 
laboratory strain ~f the pest that had an LD50 value similar to the 
field strains. 
• Determine whether a later instar of the targeted pest could be 
found with an LD50 that was approximately 25-fold higher than that 
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of the neonate larvae. If so, the later stage could be tested on the Bt 
crop plants to determine whether ~5% of the larvae were killed. 
EPA has adopted the 25 x definition of 'high dose,' but agrees with 
a 2000 SAP Subpanel that this definition is 'imprecise, provisional, and 
may require modification as more knowledge becomes available about 
the inheritance of resistance' (SAP, 2001). 
The high-dose/refuge strategy assumes that resistance alleles are 
initially rare. That is, it is assumed that Bt resistance alleles are <10-3 for 
the high-dose/refuge strategies currently used for Bt crops. Studies using 
the F2 screen by Andow et al. (1998, 2000) and Andow and Alstad (1998, 
1999) indicate that resistance alleles may be present at frequencies <9 x 
10-3 in southern Minnesota and <3.9 x 10-3 in central Iowa. These data 
support the assumption that the frequency of Bt resistance alleles in 
natural populations of Ostrinia nubilalis (Hubner) is <10"3, validating one 
of the key assumptions of the high-dose/refuge strategy. 
Most of the currently-registered· Bt com products have been 
evaluated to determine high dose (via the 1998 SAP verification 
techniques) for 0. nubilalis, the primary target pest. It is likely that BTll, 
MON810, and TC1507 com types have a high dose for 0. nubilalis 
(Walker et al., 2000). None of the currently-registered Bt com products 
have been known to express a high dose for com earworm, Helicoverpa 
zea (Boddie), which is known to be less susceptible to Bt proteins than 
other targeted lepidopteran pests. High-dose evaluations for other 
secondary pests like southwestern com borer, Diatraea grandiosella Dyar 
and fall armyworm, Spodoptera frugiperda (J. E. Smith) have been 
sporadic. 
The lack of a high dose could allow partially resistant (i.e. 
heterozygous RS insects) to survive, thus increasing the frequency of 
resistance genes in an insect population. For this reason, numerous IRM 
researchers and expert groups have concurred that non-high dose Bt 
expression presents a substantial resistance risk relative to high-dose 
expression (Roush, 1994; ILSI, 1998; Gould, 1998b; Onstad and Gould, 
1998; SAP, 1998, 2001). Although the high-dose/refuge strategy is the 
preferred strategy for IRM in Bt crops, effective IRM may still be possible 
under non-high dose conditions, for example, by increasing the refuge 
size, or limiting the total acres. 
Refuge 
The size, placement, and management of refuge are critical to the success 
of strategies relying on high-dose/structured refuge to mitigate insect 
resistance to the Bt proteins. Structured refuges include all suitable non-
Bt host plants for targeted pests that are planted and managed by people 
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(SAP, 1998). A 500:1 ratio of susceptible-to-resistant insects has been 
suggested as a suitable goal, assuming a resistance allele frequency of 5 
x 10-2 (SAP, 1998, 2001). Planting date, size, and placement of the 
structured refuge should be based on the current pest biology and should 
also maximize the overlap of susceptible insects with possible resistant 
insects. 
Non-Bt field com provides the best refuge to increase the probability 
that susceptible insects will mate with potentially-resistant 0. nubilalis 
from Bt com. Current refuge requirements for com in the United States 
are shown in Table 8.1. Non-Bt com hybrids used as refuges should be 
selected for growth, maturity, fertility, irrigation, weed management, 
planting date, and yield traits similar to the Bt com hybrid. Hybrids that 
are not agronomically similar may result in different developmental 
times in com pests that could lead to assortative (nonrandom) mating 
between insects from refuge and Bt plants. Recent research has shown 
that temporal and alternate host, noncorn refuges (e.g. weeds, oats, 
alfalfa, and soybean) are inadequate strategies {Losey et al., 2001; 
USEPA, 2001). 
Proximity 
Refuge proximity is a Critical variable for resistance management. 
Refuges must be located so that the potential for random mating between 
susceptible moths from the refuge and possible resistant survivors from 
the Bt cornfield is maximized. Therefore, insect flight and ovipositional 
behavior are critical variables to consider for refuge proximity. Refuges 
planted as external blocks should either be adjacent or in proximity to the 
Bt cornfield (Onstad and Gould, 1998). The current requirement for com 
is that refuges should be within -800 m (0.5 mi) of the Bt field, although 
within -400 m (0.25 mi) is the preferred distance (Table 8.1). 
There are trade-offs when considering refuge placement that involve 
movement of insect larvae and adults. In general, proximity of Bt and 
refuge plants benefits the random mating of adults, but it increases the 
chances that the larvae may move from Bt plants to refuge plants or from 
refuge plants to Bt plants. Distant and temporal plantings of Bt and 
refuge plants eliminate problems with larval movement, but potentially 
compromise. The random mating of susceptible and resistant adults. 
Refuge configurations that have been considered include external blocks, 
in-field strips, seed mixes, temporal refuge, and non-com hosts. Several 
research projects have been conducted to identify the benefits and 
limitations for each configuration. 
Many microhabitat factors are positively correlated with the 
population density of 0. nubilalis adults, including relative humidity and 
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Table 8.1 Summary of Bt field com refuge requirements 
Protein/Event Refuge size Refuge size Proximity 
Com belt Cotton areas 
CrylAb External blocks: 
BTll 20% 50% sprayed* 0.5 mi (0.25 mi or closer 
preferred) 
MON810 sprayed* or 
or unsprayed In-field strips: 
CrylF unsprayed Must be at least four-
rows in width 
TC1507 (>6 rows preferred) 
'Spraying is based on whether economic thresholds are reached for one or more target pests. 
Source: USEPA (2001) 
plant density (DeRozari et al., 1977; Hellmich et al., 1998). Mark-release-
recapture 0. nubilalis studies indicated a tendency for more adults to 
disperse away from the irrigated cornfields as compared with non-
irrigated cornfields, presumably because of higher moisture levels in the 
irrigated fields (Hunt et al., 2001). These results suggest that non-random 
mating, which may compromise IRM plans, may occur more often in 
irrigated areas if the refuge is not placed in proximity or within the 
fields. For male 0. nubilalis dispersal, another mark-recapture study by 
Showers et al. (2001) showed that males dispersing in search of mates 
may move considerable distances (>800 m). The authors suggested that, 
for male movement, the current refuge proximity guidelines of -800 m 
(0.5 mi) should be adequate to ensure mating between susceptible 
individuals and resistant survivors from the Bt cornfield. 
Seed mixes versus in-field strips versus external blocks 
Refuge for Bt com can be planted as blocks adjacent to the fields (edges 
or headlands), blocks within the fields, or even strips within the fields 
(Ostlie et al., 1997). Research has shown that 0. nubilalis larvae are 
capable of moving upto six com plants within or between the rows, with 
the majority of movement occurring within a single row. Older larvae 
(4th and 5th instars) 0. nubilalis are more likely to move within rows than 
between rows (Ross and Ostlie, 1990). Movement between rows is a 
cause for concern because heterozygous (partially resistant) 0. nubilalis 
larvae may begin feeding on Bt plants then move to nearby non-Bt plants 
in order to complete their development, thus possibly defeating the high-
dose strategy and increasing the risk of resistance. Thus, seed mixes have 
been eliminated as possible 0. nubilalis refuges (Mallet and Porter, 1992, 
Davis and Onstad, 2000). 
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Putting non-Bt seed in adjacent outside planter boxes and Bt seed in 
the remaining boxes can produce in-field strips. These resulting strips 
should extend the full length of the field and include a minimum of six 
rows planted with non-Bt com alternating with a Bt com hybrid. Due to 
the concerns with larval movement, wider refuge strips (~6 rows) are 
preferred to narrower strips. Growers with planters eight rows or less 
may use a minimum of four rows (SAP, 2001). (Refuge seed in two 
adjacent outside rows of an eight-row planter produces four-row refuge/ 
12-row Bt strips, i.e. 25% refuge.) In-field strips may offer the greatest 
potential to ensure random mating between susceptible and resistant 
adults because they can maximize random mating of adults. Modeling 
indicates that strips at least six rows in width are as effective for o. 
nubilalis IRM as adjacent blocks when a 20% refuge is used (Onstad and 
Guse, 1999). 
Given the trade-offs with larval movement and adult random 
mating, either external blocks or in-field strips (across the entire field, at 
least six rows in width) may be the optimal refuge configurations. Seed 
mixing is the least preferred configuration and is not allowed under the 
current IRM requirements mandated by EPA (USEPA, 2001). 
Temporal and spatial refuge 
The use of temporal or spatial mosaics has received some attention as 
alternate strategies to structured refuge to delay resistance. A temporal 
refuge, in theory, would manipulate the life cycle of 0. nubilalis bv 
having the Bt portion of the crop planted at a time in which it would be 
most attractive to 0. nubilalis. For example, transgenic cornfields would 
be planted before conventional com. Because 0. nubilalis are thought to 
preferentially oviposit on taller com plants, the hypothesis is that the Bt 
com will be infested instead of the shorter, less attractive conventional 
com. However, there are indications that temporal refuges are an inferior 
alternative to structured refuges (SAP, 1998). Research has shown that 
planting date cannot be used to accurately predict and manipulate O. 
nubilalis oviposition rates (Pilcher and Rice, 2001; USEP A, 2001 ). Local 
climatic effects on com phenology render the planting date a difficult 
variable to manipulate for managing 0. nubilalis. Additional studies will 
have to be conducted under a broad range of conditions to fully answer 
this question. In addition, a temporal mosaic may lead to assortative 
mating in which resistant moths from the Bt crop mate with each other 
because their developmental time differs from susceptible moths 
emerging from the refuge (Gould, 1994). 
Spatial mosaics involve the planting of two separate Bt com events, 
with different modes of action. The idea is that insect populations will be 
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exposed to multiple proteins, reducing the likelihood of resistance to 
either protein. The primary pests of com (0. nubilalis, H. zea, and D. 
grandiosella) generally remain on the same plant throughout the larval 
feeding stages, individual insects will be exposed to only one of the 
proteins. In the absence of structured refuges producing susceptible 
insects, resistance may still have the potential to develop in such a 
system as it would in a single protein monoculture. Future products may 
have multiple Bt or other proteins (pyramiding the genes) expressed in 
the same corn hybrids that may decrease the probability of resistance 
evolving by a single (or even) multiple target insect species. When 
resistance mechanisms are independent, pyramiding of toxin genes may 
be the most effective way to manage resistance to Bt and other 
insecticidal transgenic toxins. According to Roush (1998), pyramids have 
the potential to greatly reduce the refuge size requirements for successful 
resistance management. 
RESISTANCE MONITORING 
Bt com registrants are required to monitor for insect resistance (shifts in 
the frequency of resistance-conferring alleles) to the Bt toxins as an 
important early warning sign to resistance development in the field and 
also to determine whether IRM strategies are working. An additional 
value of resistance monitoring is that it may provide validation of 
parameters used in IRM models. Effective monitoring programs should 
have well-established baseline susceptibility data, sensitive detection 
methods, and a reliable collection network. Chances of finding resistant 
larvae in Bt com depend on level of pest pressure, frequency of resistant 
individuals, number of samples, and sensitivity of the detection 
technique. Therefore, as the frequency of resistant individuals or the 
number of collected samples increases, so does the likelihood of 
sampling a resistant individual (Roush and Miller, 1986). The goal is to 
detect resistance in an insect population before the occurrence of 
widespread crop failures, and if possible, in time, so that mitigation 
practices can delay the development of resistance. 
Monitoring for resistance should be undertaken in areas where the 
pests are known to regularly overwinter. Other secondary pests also may 
need to be monitored (on an individual basis), because these pests may 
be of local or regional significance. Previous experience with 
conventional insecticides has shown than once the resistant phenotypes 
are detected at a frequency >10%, control or crop failures are common 
(Roush and Miller, 1986). Due to sampling and sensitivity limitations, 
resistance could develop to Bt toxins before it is easily detected in the 
field. Sampling locations should be selected to reflect all crop production 
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practices and should be separated by a sufficient distance to reflect 
distinct populations but should focus on intensively-planted Bt crop 
areas in which selection pressure is expected to be high. 
Resistance detection and monitoring can be difficult and imprecise 
because rare genes are hard to detect. For example, if the phenotypic 
frequency of resistance is 1 in 1,000 then >3,000 individuals must be 
sampled to have a 95% probability of one resistant individual (Roush 
and Miller, 1986). Several methods have been proposed: (i) grower 
reports of unexpected damage; (ii) systematic field surveying of Bt com; 
(iii) diagnostic concentration assay; (iv) F2 screen; (v) screening against 
resistant colonies; and (vi) sentinel Bt crop. field plots. 
Grower Reports of Unexpected Damage 
Grower participation by reporting unexpected damage in their Bt corn is 
an important first step for monitoring. Growers are encouraged to report 
any unsuspected control problems to a local technical expert. Registrants 
provide growers with toll-free telephone numbers or a Web site to report 
any unusual control problems. A confirmed grower report of unexpected 
pest damage in a Bt crop may be a way to document a control failure and 
may be a useful monitoring system for determining the success or failure 
of the existing resistance management strategies. 
Systematic Field Surveillance 
Registrant-sponsored surveys of grower Bt fields for damaged plants 
could be used to monitor resistance phenotypes and gauge the 
geographic area where resistant populations exist. In-field detection 
systems (for quick determination of the presence or absence of Cry 
proteins in com plants) have been developed for CrylAb and CrylF 
proteins. 
Diagnostic Dose 
The EPA currently requires the diagnostic dose bioassay. The diagnostic 
dose does not completely discriminate between resistant and susceptible 
individuals, but it is used as an indication of resistance. A discriminating 
dose, on the other hand, discriminates individuals 100% of the time but 
will not be available until a resistant population can be characterized 
(Blair Siegfried, personal communication). Diagnostic dose bioassays are 
most efficient when resistance is common or conferred by a dominant 
allele (resistance allele frequency > 1 %) (Andow and Alstad, 1998). If 
resistance is inherited as a recessive trait, the frequency of individuals in 
a population that demonstrate resistance will equal the square of the 
allele frequency. For example, if the initial resistance allele frequency is 
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1 in 1,000, then only 1 in a million larvae would be expected to be 
homozygous resistant. Typically, diagnvstic dose assays are based on 
100-300 larvae to detect resistance at a frequency of 1-3% (Roush and 
Miller, 1986). It should be considered as one of the central components 
of any monitoring plan, but other monitoring methods may prove 
valuable in conjunction with the diagnostic concentration assay. 
F2 Screen 
The F2 screen may be a useful monitoring technique for Bt corn, 
especially for the detection of resistance alleles that are rare and 
recessive. The technique also allows fewer samples to be collected in 
order to detect potential susceptibility shifts rather than the 
discriminating dose assay. The F2 screen is conducted by sampling mated 
females from natural populations, rearing the progeny of each female as 
an isofemale line, and sib-mating F1 progeny. The F2 larvae resulting 
from sib matings are assayed using an appropriate screening procedure 
such as a discriminating concentration assay or Bt crop, followed by 
statistical analyses of the family data. This method may be the most 
useful to analyze populations that are expected to be at high risk for 
resistance development. Each isofemale line allows for characterization 
of four genomes, thus improving the sensitivity over the discriminating 
dose assay by 10-fold (Andow and Alstad, 1998). The F2 screen could be 
an effective method for detecting changes in the allele frequency of a 
recessive or partially-recessive allele and can be used to verify some of 
the assumptions underlying high-dose/refuge resistance management 
(Andow and Alstad, 1998; Andow et al., 1998). If resistance alleles are 
found, they can be characterized to estimate the fitness of the genotypes, 
determine whether there is a cost of resistance, and enable predictions of 
the evolution of resistance. The F2 screen has been used to estimate the 
frequency of resistance to Cry toxins from B. thuringiensis in 0. nubilalis 
(Andow et al., 1998, 2000); rice stem borer, Scirpophaga incertulas (Walker) 
(Bentur et al., 2000); and diamondback moth, Plutella xylostella (Linnaeus) 
(Zhao et al., 2002). 
Zhao et al. (2002) tested the sensitivity of the F2 screen to detect the 
frequency of rare resistance alleles using resistant populations of the 
diamondback moth. The moths were previously selected in the 
laboratory for resistance to CrylAc and CrylC toxins of Bt. On using Bt 
broccoli (Brassica oleracea var. italica) as the diagnostic substrate, only one 
F2 family was detected for CrylAc resistance and no family was detected 
for CrylC resistance. Six families were detected for either CrylAc or 
CrylC resistance by using the diagnostic diet bioassay. Four F2 families 
were confirmed to contain one copy of an allele resistant to CrylAc in the 
original single-pair matings and four other F2 f;:imilies contained an allele 
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resistant to CrylC. These results suggest that transgenic plants 
expressing a high level of a Bt toxin in an F2 screen may underestimate 
the frequency of resistance alleles with false negatives, or fail to detect 
true resistance alleles. Zhao et al. (2002) concluded that the diagnostic 
diet assay was a better F2 screen method to detect resistance alleles, 
especially for the CrylAc resistance in diamondback moth. They also 
concluded that further validation of the F2 screen method for each insect-
crop system should be conducted before the procedures used in the F, 
screen can be used routinely to detect rare Bt resistance alleles in field 
populations. 
Screening Against Test Stocks 
Gould et al. (1997) used a series of genetic crosses of field-collected males 
mated to laboratory-selected females from a highly-resistant line of 
tobacco budworm, Heliothis virescens (Fabricius), to estimate the 
frequency of a CrylAc resistance allele in a natural population. The 
method can identify recessive or incompletely dominant resistance 
alleles from field-collected males. Using a colony of H. virescens that can 
survive on transgenic Bt cotton (Gossypium hirsutum) producing the 
CrylAc delta endotoxin, they crossed field-collected males with virgin-
resistant females. Individuals homozygous for resistance were produced 
when field-collected males had one of more copies of the resistance 
allele. By using an assay that discriminates between heterozygous- and 
homozygous-resistant individuals, they could determine which wild 
males carried a resistance allele. Using this allelic recovery method, 
Gould et al. (1997) estimated the resistance allele frequency to be 
1.5 x 10-3. This method is only useful when there are previously isolated 
resistance alleles. 
Sentinel Bt Crop Field Plots 
Venette et al. (2000) proposed the use of an in-field screen to examine 
resistance allele frequency. This method uses Bt sweet com to screen for 
0. nubilalis and H. zea that are resistant to the Bt protein. That is, the Bt 
crop is used to screen for resistant individuals. By sampling large 
numbers of Bt-expressing plants for live com borer larvae, the frequency 
of resistance can be estimated and resistant individuals can be collected 
for documentation of resistance. For example, Venette et al. (2000) 
suggest that sampling ears of Bt sweet com (18-21 days postsilking stage) 
for European corn borer can increase the sampling efficiency by two 
orders of magnitude over splitting stalks. Late-planted sentinel Bt sweet 
corn would provide a highly attractive oviposition site for females and 
reduce the number of plants required to attain an acceptable sample size. 
If the Bt sweet corn is planted at the appropriate time, larval attack will 
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cause extensive damage, and large areas of Bt sweet corn can be sampled 
rapidly by examining this damage. If potentially resistant individuals or 
populations are identified in the field, they must be brought to the 
laboratory so that the resistance can be verified. 
There are potential problems with this method that must be 
addressed before its widespread adoption. A high number of false 
positives, e.g. larvae from off-type corn, would reduce the efficiency and 
accuracy of resistance allele measurement. Also, false positives could 
occur if the larvae moved between Bt and non-Bt off-types or weeds. The 
method is also limited if Bt genes do not occur in both sweet corn and 
field corn. Currently, there is only BTll CrylAb field corn and sweet 
corn. 
Current Monitoring Practices 
The EPA has imposed specific monitoring requirements on all registrants 
of Bt field corn products (USEPA,.2001). This body has mandated that 
registrants will monitor for resistance and/ or trends in increased 
tolerance for European corn borer, southwestern corn borer, or corn 
earworm. Sampling should be focused in those areas in which there is 
the highest risk of resistance development. 
The ABSTC plan concentrates resistance monitoring in areas where 
Bt corn market penetration is highest as well as areas with the highest 
insecticide use. The ABSTC plan applies to both CrylAb (MON810 and 
BTll) and CrylF (TC1507) Bt field corn hybrids. The plan includes the 
identification of counties growing >50,000 acres of field corn (Bt and non-
Bt) to focus monitoring efforts. The ABSTC's proposed plan is designed 
to detect resistance when it reaches 1-5% of the population. Four corn-
growing regions were identified and monitoring for each pest is ongoing 
in the regions in which the pests are prevalent (Fig. 8.2). The ABSTC 
proposed a sampling goal of four to six locations in areas predominantly 
infested with 0. nubilalis (regions I and II) and two to three locations in 
areas coinfested with 0. nubilalis and D. grandiosella (region III) or in 
areas predominantly infested with D. grandiosella (region IV). When 
possible, at least 200 first or second flight adults (100 females), 100 
second flight egg masses, or 100 diapausing larvae per site are collected 
in each region, although insect population levels may limit the number 
collected. The ABSTC monitoring plan proposes to use diagnostic dose or 
discriminating dose bioassays in order to detect the resistance alleles 
once they reach a frequency of 1 in 100. An annual resistance monitoring 
report to the EPA is required every year. 
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Fig. 8.2 Resistance monitoring regions for 0 . nubi/alis and D. grandiosella 
Baseline Susceptibility Data and Monitoring Results 
The EPA currently mandates that both baseline susceptibility and 
diagnostic concentration are developed for certain primary target pests, 
including 0 . nubilalis and H. zea. This information is essential to 
managing resistance in pest populations, especially in assessing whether 
a field control failure was due to actual resistance or other factors 
affecting the expression of the Bt protein. 
European corn borer and corn earworm 
Blair Siegfried (University of Nebraska) has coordinated a standardized 
monitoring program for two com pests involving lethal concentration 
(LC)50 susceptibility determinations and diagnostic concentration (LCw) 
bioassays to determine the susceptibility levels to Bt com. For baseline 
susceptibility (LC50), bioassays have been conducted for 0 . nubilalis 
(Siegfried et al., 1995; unpublished studies submitted to EPA, Master 
Record Identification Document (MRID) # 450369-02 and 453205-02, see 
discussion in USEPA, 2001) and H. i ea (Siegfried et al., 2000). In 1999, 0. 
nubilalis were collected from 14 separate sites and F1, F2 generations or 
both were bioassayed to determine LC50 values. Bioassays used dilutions 
of purified CrylAb obtained from B. thuringiensis kurstaki strain HDl-9 
(Syngenta Biotechnology, Inc., Research Triangle Park, NC) spread on an 
artificial diet. In 2000, 13 0 . nubilalis populations were sampled using 
similar procedures with formulated CrylAb protein (CellCap, Dow 
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AgroSciences, Indianapolis, IN). 0. nubilalis are more sensitive to the 
CellCap CrylAb formulation; therefore, susceptibility results from 2000 
are not directly comparable with those from 1995 to 1999. The results for 
o. nubilalis are displayed in Table 8.2 and show no significant change in 
o. 1111bilalis susceptibility (LC50 and effective concentration (EC)50 ) to 
Cnt1Ab over the first 5 years (1995-1999) of testing. Baseline 
su~ceptibility studies conducted by Man;on et al., (2000) were used to 
determine the diagnostic concentration (LC99) for 0. nubilalis. These tests 
with the diagnostic concentrations were conducted in a similar manner 
to the bioassays to determine LC50 values. For 2000 analyses, a new 
diagnostic dose (10 ng/ cm2) was established for the CellCap CrylAb 
formulation. The results for populations in both years showed nearly 
JOO% mortality for 0. nubilalis at the diagnostic dose (LC99) (MRID # 
450369-02 and 453205-02). For H. zea, baseline susceptibility (LC50) values 
ranged from 70.3 (laboratory colony) to 221.3 ng/ cm2 (field colony). A 
separate diagnostic concentration analysis (using similar methods to 
those used for 0. nubilalis) was conducted for H. zea (dose of 6600 ng/ 
cm2), which showed nearly 100% mortality (Siegfried et al., 2000). None 
of the 0. nubilalis and H. zea populations show <99% mortality at a 
diagnostic concentration, and the LC50 for 0. nubila/is has not 
significantly changed in 5 years. Thus, CrylAb susceptibility of 0. 
nubilalis and H. zea populations has not changed. 
Southwestern corn borer 
Additional monitoring work has been done with D. grandiose/la. Based on 
collections from 1998 and 1999, studies were conducted by Andi 
Trisyono and Michael Chippendale in order to determine D. grandiose/la 
susceptibility to CrylAb and to establish a diagnostic concentration 
Table 8.2 Mean susceptibility of 0. nubilalis to CrylAb from 1995 to 2000 (unpublished 
study submitted to EPA, MRID # 450369-02) 
Year LC50 (ng Cry1Ablcm2) ± SEM EC50 (ng Cry1Ablcm2) ± SEM 
1995 4.34 ± 0.68 0.37 ± 0.007 
1996 6.25 ± 1.25 1.25 ± 0.14 
1997 2.12 ± 0.53 0.42 ± 0.007 
1998 2.57 ± 0.28 0.43 ± 0.05 
1999 4.01 ± 0.49 0.62 ± 0.11 
2000* 0.12 - 0.49 **. Not Reported 
• Data for 2000 from MRID # 453205-02. 
"Data collected for 2000 were obtained using a different Cry1Ab formulation (CellCap) that is 
more toxic to 0. nubilalis. As such, the results from 2000 are not directly comparable with results 
from previous years (1995-1999). LC50 values are given as a range (without SEM). 
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(unpublished study submitted to EPA, MRID # 450369-02). A bioassa\· 
was conducted that established a diagnostic concentration for D. 
grandiose/la of 110 ng of CrylAb protein/ g diet. Susceptibility data (LC-JO 
values and EC50 values), determined after 7 and 14 days of exposure to 
CrylAb, are summarized in Table 8.3. D. grandiose/la monitoring was also 
conducted for the 2000 growing season by Qisheng Song, using similar 
methodology (unpublished study submitted to EPA, MRID # 453205-02) 
to obtain susceptibility data (LC50 values and EC50 values) The 
susceptibility data are summarized in Table 8.3. A diagnostic 
concentration assay was performed (7-d test dose 0.35 µg CrylAb/g 
diet, 14-d test dose = 5 µg CrylAb/g diet), which resulted in 100'7',. 
mortality for all of the tested populations. 
Table 8.3 D. grandiosel/a susceptibility to CrylAb from 1998 to 2000 (MRID # 450369-02 
and 453205-02) 
LC50 (Fg Cry1Ablg diet) EC50 (ng Cry1Ablg diet) 
Year Field Laboratory Field Laboratory 
populations colony populations colony 
1998 7-d: 0.22-1.09 7-d: 1.01 7-d: 2.2·6.6 7-d: 7.6 
14-d: 0.04-0.09 14-d: 0.28 14-d: 2.4-5.4 14-d: 6.2 
1999 7-d: 0.07-0.17 7-d: 1.06-1.12 7-d: 2.6-3.7 7-d: 4.2-6.3 
14-d: 0.02-0.05 14-d: 0.26-0.34 14-d: 1. 9-3.3 14-d: 4.9-5.1 
2000• 7-d: 0.08-0.15 7-d: 0.98 14-d: 2.51-4.88 14-d: 4.97 
14-d: 0.04-0.09 14-d: 0.27 
•Units for the 2000 data are µg CrylAb/ml diet for LC50 values and ng CrylAb/ml diet for EC'i() 
values. 
Taken together, the D. grandiosella monitoring results show that, to 
date, no appreciable increase in susceptibility has resulted from exposure 
to CrylAb corn. Although the susceptibility data were variable and 
require further refinement, results indicated that the laboratory colonies 
evaluated were not as susceptible to CrylAb at the field-collected 
populations. Furthermore, the results from 1998 and 1999 indicated that 
a bioassay using growth inhibition is more sensitive than one based on 
larval mortality. A.Trisyono and M. Chippendale suggested that 
bioassays based on growth inhibition rather than larval mortality may 
have greater benefits because such bioassays require smaller amounts of 
Bt protein, sublethal effects can be observed, the time of observation is 
flexible (weight gain is being compared with a control), and variation is 
minimized (MRID # 450369-02). 
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Cross Resistance 
Cross resistance occurs when a pest becomes resistant to one Bt protein 
that then allows the pest to resist other, separate Bt proteins. Efforts are 
underway to assess whether corn insects, especially 0. 1111bilalis, have 
cross resistance to various Bt proteins. Future monitoring methods may 
incorporate such information because cross resistance is an area of major 
concern for resistance management and poses risks to both transgenic Bt 
crops and microbial Bt insecticides. Cross resistance also poses a risk to 
pyramid strategies, in which multiple proteins are deployed 
simultaneously in the same hybrid. To date, the development of cross 
resistance has not been shown in insect pests exposed in the field to Bt 
crops producing different Bt proteins. In general, it is possible for 
resistance to Bt proteins to occur through several different mechanisms, 
some of which may result in cross-resistance to other proteins. A well-
documented mechanism of resistance is reduced (midgut) binding 
affinity to Bt proteins. Different Cry proteins may bind to distinct 
receptors in an insect gut. Modifications to these insect crystalline protein 
receptors have been implicated in resistance to Cry proteins. Other 
mechanisms that may lead to resistance (and ultimately cross-resistance) 
include protease inhibition, metabolic adaptations, gut recovery, and 
behavioral adaptations (Heckel, 1994; Tabashnik, 1994). 
Cross resistance may result for binding sites, if two proteins share 
the same binding site (receptor) in the insect midgut. Therefore, if 
exposure to one Bt protein results in a modification of the receptor, other 
proteins sharing this site will be affected as well. An example of a 
possible shared binding site resulting in cross resistance was observed 
with tobacco bud worm. H. virescens selected for resistance to CrylAc also 
were found to be resistant to the CrylAa, CrylAb, and CrylF proteins 
(Gould et al., 1995). 
Cross-resistance patterns in 0. nubilalis have proven to be 
complicated. The binding of three Bt insecticidal crystal proteins to the 
midgut epithelium of 0. nubilalis larvae was characterized by performing 
binding experiments with both isolated brush-border membrane vesicles 
and gut tissue sections (Denolf et al., 1993). Results demonstrated that 
two independent insecticidal crystal protein receptors are present in the 
brush border of 0. nubilalis gut epithelium. From competition-binding 
experiments, it was concluded that CrylAb and CrylAc are recognized 
by the same receptor. Also, the CrylB protein did not compete for the 
binding site of CrylAb and CrylAc and was determined to have a 
different receptor. CrylD and CrylE, two proteins that are not toxic to 0. 
nubilalis, do not bind to gut epithelial cells. Other experiments using 
laboratory-selected resistant strains to predict survival and cross 
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resistance in the field on Bt corn with 0. nubilalis have provided different 
results. A CrylAc-resistant 0. nubilalis strain (produced by Bill 
Hutchinson, University of Minnesota) and a Cry!Ab-resistant 0. nubilalis 
strain (produced by Cliff Keil, University of Delaware) had a moderate 
level of resistance, approximately 30 to 60'. None of the resistant larvae 
survived on Bt corn beyond the second instar. Interestingly, the CrylAc-
resistant 0. nubilalis were not cross-resistant to CrylAb and CrvlAb-
resistant 0. nubilalis were not cross-resistant to CrylAc (B. Hutchison, 
personal communication; reviewed by USEPA, 1998). Based on receptor-
binding studies, both resistant strains would have been expected to 
survive on Bt corn. Thus, although the two proteins are closely related, 
there may be different binding mechanisms or binding affinity in O. 
nubilalis relative to other pests, such as P. xylostella or H. virescens. 
Based upon the binding properties of CrylA and Cry2A proteins in 
H. zea, H. virescens, and 0. nubilalis larvae, there seems to be a much 
lower probability of cross resistance developing to Cry2A delta 
endotoxins from resistance to CrylAb or CrylAc. Since the CrylA and 
Cry2A proteins exhibit different binding characteristics and very low 
amino acid homology, they probably possess different modes of action. 
However, there is some evidence for the development of broad cross-
resistance to Cryl and Cry2A in at least two laboratory-selected strains: 
beet armyworm, Spodoptera exigua (Hubner) (Moar et al., 1995) and 
H. virescens (Gould et al., 1992). 
Overall, cross-resistance patterns and their underlying physiological 
mechanisms are very complex and somewhat unpredictable, even within 
a closely-related group of proteins and susceptible insects. To mitigate 
the risks of cross resistance to Bt corn, additional research will be needed 
to assess the potential for cross resistance with each Bt protein and the 
targeted pest. To date, research has been focused primarily on shared 
binding site studies with a limited subset of Bt protein and corn pests 
(notably 0. nubilalis). Further mitigation measures could include the 
restrictions of certain hybrids determined to be at risk for cross 
resistance. Such measures have been undertaken in southern cotton-
growing regions where H. zea, a pest of corn and cotton, may be exposed 
to multiple Bt toxins in both Bt corn and Bt cotton. Given the 
unpredictability of cross resistance among pest species, it would be 
useful to generate additional cross-resistance data for other species to 
gain a more complete understanding of the implications for Bt field corn. 
REMEDIAL ACTION 
Remedial action plans consist of response measures that are intended to 
contain Bt-resistant insects and perhaps eliminate them before they 
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become widespread. This assumes that resistance will develop in 
localized populations. Bt corn registrants (applicable to MON810, BTl 1, 
and TC1507) are required to develop strategies for suspected resistance 
and confirmed resistance (USEPA, 2001, see Appendix 3). 
For suspected resistance, the registrant must instruct growers to: (i) 
use alternate measures to control the pest suspected of resistance to Bt 
corn in the affected region; and (ii) destroy crop residues in the affected 
region immediately after harvest (i.e. within 1 mo) with a technique 
appropriate for local production practices. 
Confirmed resistance must be reported to EPA within 30 days. The 
registrant must immediately stop the sale and distribution of Bt corn in 
the remedial action zone where resistance occurs until an effective local 
mitigation plan approved by the EPA has been implemented. A 
resistance event becomes confirmed if the progeny of the sampled 0. 
nubilalis, H. zea, or 0. grandiose/la population exhibit all of the following 
characteristics in neonate bioassays: 
• If there is >30% survival and >25% leaf area damaged in a 5-day 
bioassay using CrylAb-positive or CrylF-positive leaf tissue under 
controlled laboratory conditions. 
• If standardized laboratory bioassays using diagnostic doses for 0. 
nubilalis (Man;on et al., 2000), 0. grandiosella (MRID # 450369-02), or 
H. zea (USDA-ARS, Southern Insect Management Research Unit, 
unpublished data) demonstrate that the resistance has a genetic 
basis and survivorship in excess of 1 % (gene frequency of 
population >0.1). 
• If an LC50 in a standard CrylAb or CrylF diet bioassay exceeds the 
upper limit of the 95% confidence interval of the standard 
unselected laboratory population LC50 for susceptible 0. nubilalis, 
0. grandiosella, or H. zea populations, as established by the ongoing 
baseline monitoring program. 
Eradication of a resistance gene (as part of a remedial action plan) 
may prove to be difficult. Rather, a plan based on slowing the spread of 
resistance genes (and possibly causing their decline) may prove to be 
more practical. As part of a plan to slow resistance genes, the following 
elements should be considered: 
(i) education of growers and crop consultants to look for unexpected 
pest damage; 
(ii) monitoring for plant damage, pest susceptibility, and resistance, 
allele frequency (with rapid verification and alternate control 
strategies for verified resistance); 
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(iii) s.:des suspensions of the affected product in that particular region 
until it can be shown that product benefits outweigh its risks; 
(iv) continual monitoring to determine the effectiveness of the remedial 
action plan; and 
(v) an assessment of how the resistance problem occurred (SAP, 2001). 
GROWER EDUCATION AND COMPLIANCE 
Growers are perhaps the most essential component of a successful IR..\!1 
program because, ultimately, they are responsible for planting refuges 
and carrying out the details of an IRM plan. Thus, a program that 
educates growers about the importance of IRM and follows with 
compliance monitoring is an integral part of any resistance management 
strategy. 
Education 
For growers to plant refuges according to guidelines, they must be 
presented with consistent and up-to-date messages. When Bt corn was 
first commercialized in the United States, there was some confusion 
among growers because the various seed suppliers and academic groups 
recommended different refuge amounts. Subsequently, there was a 
concerted effort by members of the NC205 committee and biotech 
companies to coordinate messages. The Agricultural Biotechnology 
Stewardship Technical Committee was formed to coordinate industry 
IRM recommendations. Members of this committee worked closely with 
the members of NC205 and NCGA to communicate a consistent IRM 
message. Consequently, several efforts, notably those by NC205, NCGA, 
individual seed and technology companies, and ABSTC have developed 
grower education materials regarding IRM that have been useful to Bt 
corn users. 
Specific examples of educational tools for growers include grower 
guides, technical bulletins, sales materials, training sessions, Web sites, 
toll-free numbers for questions or further information, and educational 
publications (Ostlie et al., 1997; Anderson and Hellmich, 2001). Most of 
these IRM education materials warn that the misuse of Bt technology will 
result in losing a valuable tool, hence product stewardship is always 
promoted. There is hope that growers will prove to be stewards of the Bt 
technology is much the same way they are the stewards of their land. 
The NC205 committee has recognized that IRM strategies should be 
scientifically sound, but they must also consider the practical, logistical, 
and economic needs of the growers (a fine balance). There is no question 
that IRM plans should be scientifically valid. But, there is a question 
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about whether growers will implement IRM plans that are not practical. 
High grower adoption of IRM strategies is ultimately the most important 
aspect of IRM. The best of plans will fail, if most growers cannot or will 
not use them. Generally, field specialists have taken a common-sense 
approach to IRM and try to work within the growers' equipment and 
field limitations. One approach is to offer growers a 'toolbox' of options 
that all fulfill the IRM requirements so that they can choose IRM plans 
that best fit their region of the country or individual operation. Growers 
should be allowed some flexibility with their plans, but any flagrant 
consistent misuse of the Bt technology must be dealt with accordingly. 
Compliance 
In addition to carrying out effective IRM education for growers, Bt corn 
registrants are required to establish a broad compliance program as part 
of the IRM requirements (USEPA, 2001, see V. Bt Corn Confirmatory 
Data and Terms and Conditions of the Amendment). Ideally, a 
compliance program should: (i) establish an enforcement structure that 
will maximize compliance; (ii) monitor the level of compliance; and (iii) 
investigate effects of noncompliance on IRM. 
Enforcement structure 
The first element of a system to ensure a high level of compliance is a 
mechanism to create a legally-enforceable obligation on Bt corn growers 
to comply with the refuge program. This is accomplished through 
grower agreements (USEPA, 2001, see Vll-12). Registrants have 
flexibility to design grower agreement programs that fit their own 
business practices. As part of the compliance assurance plan, each 
registrant must establish and publicize a phased compliance approach. In 
other words, a guidance document will indicate how the registrant will 
address noncompliance within the terms of the IRM program and 
general criteria for choosing among options for responding to 
noncompliant growers (USEPA, 2001, see V12-16). Although recognizing 
that for reasons of difference in business practices, there are needs for 
flexibility between different companies, all Bt corn registrants must use 
a consistent set of standards for responding to noncompliance. The 
options will include withdrawal of the right to purchase Bt corn for an 
individual grower or for all growers in a specific region. An individual 
grower found to be significantly out of compliance 2 years in a row will 
be denied sales of the product the following year. Similarly, seed dealers 
who are not fulfilling their obligations to inform or educate growers of 
their IRM obligations will lose their opportunity to sell Bt corn. 
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Compliance monitoring 
The IRM compliance assurance program includes an annual survey of a 
statistically-representative sample of Bt com growers conducted by an 
independent third party. The survey should measure the degree of 
compliance with the IRM program by growers in different regions of the 
country and consider the potential impact of non-response. Each 
registrant is required to provide the EPA with compliance monitoring 
report and plans for updating the compliance assurance plan on an 
annual basis. Registrants are also required to follow up on tips and 
complaints concerning noncompliance with IRM requirements. 
There have been several surveys and estimates of the level of grower 
compliance for Bt com IRM. Marlin Rice (Iowa State University) and 
colleagues have conducted regular grower surveys to measure the 
grower attitudes toward various aspects of Bt com, including compliance 
with IRM guidelines (Pilcher et al., 2002). These surveys have shown that 
the majority of growers understand and are receptive to the need for 
refuge and resistance management. However, they also demonstrate that 
some level of noncompliance is expected. The results from the 1996 
grower survey conducted by Clint Pilcher and M. Rice showed that 
23.5% of the sampled growers would follow a prescribed IRM strategy, 
57.1 % would do so if cori1patible with their growing practices, 7.2'Y0 
would not follow IRM, and 12.2% "didn't know" (unpublished data 
submitted to EPA, MRID # 444754-01). Results from the 1998 grower 
survey showed that 25.5% of growers would implement recommended 
IRM, 58.9% would do so if it proved compatible with their growing 
practices, 2.6% would not follow IRM recommendations, and 12.9% 
'didn't know' (unpublished data submitted to EPA, MRID # 450568-01). 
For compliance information submitted by industry, ABSTC 
conducted a compliance survey for the 2000-growing season (USEPA 
2001). The ABSTC compliance plan consists of grower agreements and 
contracts intensified education for regions showing low compliance and 
restrictions on future use of Bt com for individual growers repeatedly 
out of compliance. The compliance survey was conducted by an 
independent marketing research firm and included anonymous 
telephone surveys of 501 total growers, each farming at least 200 acres. 
This survey did not involve visits to individual farms (i.e. grower audits). 
Compliance was assessed for two Bt com IRM requirements: percentage 
of refuge (required ~20%) and refuge proximity (required within 800 m 
of the Bt field). Survey respondents indicated that 87% planted an 
appropriate amount of refuge (at least 20%), whereas 13% had less than 
the required amount or no refuge. For proximity, 82% of growers 
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reported refuges planted within 800 m of the Bt field (18'X, reported 
refuges planted greater than 1.6 km from the Bt field). When both refuge 
percentage and proximity are considered together, 71 % of growers were 
in total compliance. 
Collectively, these surveys indicate that 100% compliance is unlikely 
and that some level of noncompliance must be expected. An expectation 
of 30% (or greater) noncompliance may be reasonable, given these survey 
results. Without confirmatory visits to individual farms (i.e. audits), it 
may be impossible to verify the accuracy of the anonymous telephone 
~urvey on a regional or local basis. The end result could be increased 
false-positives, which may artificially inflate the estimates of grower 
compliance. 
Effects of noncompliance 
A significant noncompliance with IRM among growers may increase the 
risk of resistance for Bt corn. However, compliance is a complex issue for 
Bt crops and IRM. Currently, there is disagreement as to the appropriate 
refuge size or deployment, level of adoption, and level of compliance 
necessary to achieve risk reduction. Currently, the financial burden of 
implementing refuge requirements is borne primarily by the growers. 
Increasing the refuge size or limiting refuge deployment to better 
mitigate the risk of resistance is likely to increase the costs to growers 
and could result in a higher rate of grower noncompliance. Ultimately, 
predictive IRM models will need to be updated in order to reflect some 
degree of noncompliance, so that the potential impact can be more 
thoroughly understood. 
OTHER IRM RESEARCH TOPICS 
Research to improve the understanding of corn insect biology and 
ecology is underway at several institutions. In particular, research on 
adult mating biology and larval movement is emphasized. Two other 
important areas of research include IRM in high-sprayed areas and 
implication of H. zea north-south movement for IRM. 
High-Spray IRM 
In some parts of the western corn belt, particularly in areas with high 0. 
grandiosella populations, there are concerns that regular spraying of 
refuges will result in too few susceptible adults. This is a complex 
problem that involves considering insecticide timing (i.e. which insects 
are targeted), and whether Bt corn is sprayed when the refuge corn is 
sprayed. Growers in some of these areas have realized that secondary 
pests, such as spider mites, Tetranychus urticae Koch and Oligonychus 
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pratensis (Banks), may require insecticide treatments. Rather than pay the 
premium for Bt corn, some growers have opted to use non-Bt com and 
time their insecticide treatments so as to control 0. nubi/alis or D. 
grandiose/la. Also, there is speculation about whether areawide 
suppression of 0. nubilalis and D. grandiosella due to high percentages of 
Bt com could reduce the number of required insecticide treatments. 
Corn Earworm Movement 
During the summer, H. zea adults move northward from southern 
overwintering sites to com-growing regions in the com belt. There is a 
possibility that a large number of H. zea move from corn-growing regions 
in the north to cotton-growing regions in the south. Research is needeJ 
to assess whether this phenomenon occurs, and if it does in large enough 
numbers to compromise resistance management of H. zea, i.e. additional 
exposure to Bt crops and increased selection pressure for H. zea 
resistance. This effect is compounded by the fact that neither Bt cotton 
nor any registered Bt corn event contains a high dose for H. zea. 
In considering this issue, the 2000 SAP indicated that H. zea refuge is 
best considered on a regional scale (instead of structured refuge on an 
individual farm basis), due to the long distance movements typical of 
this pest (i.e. refuge proximity is not as important for H. zea). According 
to the SAP, a 20% refuge (per farm) would be adequate for H. zea, 
provided the amount of Bt corn in the region does not exceed 50% of the 
total corn crop. If the regional Bt corn crop exceeds 50%, however, 
additional structured refuge may be necessary (SAP, 2001). However, the 
SAP did not define what a region should be (i.e. county, state, or any 
other division). Additional research will likely be needed to fully 
determine the risk of H. zea north-south movement and appropriate 
mitigation measures. 
CONCLUSIONS 
The EPA requires an unprecedented IRM program for Bt crops. The 
specific IRM strategies and requirements for Bt corn in the United States 
have been developed by a coalition of stakeholders including EPA, 
USDA, academic researchers, industry, seed companies, public interest 
groups, and growers. Many of these stakeholders recognize that IRM 
strategies need to be scientifically sound, practical, flexible, 
implementable, and sustainable. IRM requirements for Bt corn include a 
20% mandatory non-Bt corn refuge in the corn belt and a 50% mandatory 
non-Bt corn refuge in cotton-growing areas to be planted within 800 m 
(400 m or closer preferred) in order to mitigate insect resistance. There 
are also requirements for annual resistance monitoring, remedial action 
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plan. grower education, grower compliance, research, and annual 
reporting. The CrylAb registrations for Btll and MON810 field corn 
h\•brids and the CrylF registrations for TC1507 field corn hybrids will 
a~tomatically expire on midnight 15 October 2008. Additional IRM 
research on the effect of north-south movement by corn earworrn and 
high use of insecticide sprays will allow current IRM strategies to be 
further improved for long-term sustainability. 
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